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ABSTRACT

Anderson, L. M., Stockwell, V. O., and Loper, J. E. 2004. An extracellular
protease of Pseudomonas fluorescens inactivates antibiotics of Pantoea
agglomerans. Phytopathology 94:1228-1234.

Pseudomonas fluorescens AS506 and Pantoea agglomerans strains
Eh252 and C9-1 are biological control agents that suppress fire blight, an
important disease of pear and apple caused by the bacterium Erwinia
amylovora. Pseudomonas fluorescens strain A506 suppresses disease
largely through competitive exclusion of E. amylovora on surfaces of
blossoms, the primary infection court, whereas Pantoea agglomerans
strains Eh252 and C9-1 produce antibiotics that are toxic to E. amylo-
vora. In this study, an extracellular protease produced by A506 is charac-
terized and evaluated for its capacity to inactivate the antibiotics produced
by the strains of Pantoea agglomerans. Activity of the extracellular
protease was optimal at pH 9 and inhibited by zinc- or calcium-chelators,

indicating that the protease is an alkaline metalloprotease. In an agar plate
bioassay, partially purified extracellular protease inactivated the anti-
biotics mccEh252 and herbicolin O, which are produced by Pantoea
agglomerans strains En252 and C9-1, respectively. Derivatives of A506
deficient in extracellular protease production were obtained by transposon
mutagenesis, and the aprX gene encoding the protease was cloned and
sequenced. Strain A506 inactivated mccEh252 and herbicolin O in agar
plate bioassays, whereas the aprX mutant did not inactivate the anti-
biotics. Both A506 and the aprX mutant were insensitive to antibiosis by
C9-1 and Eh252; thus, the protease was not required to protect A506 from
antibiosis. These data highlight a previously unknown role of the extra-
cellular protease produced by Pseudomonas fluorescens A506 in interac-
tions among plant-associated microbes.

Additional keyword: Erwinia herbicola.

Biological control is a promising approach for management of
plant diseases but its use in commercial agriculture remains lim-
ited. Among the factors that limit the adoption of biological con-
trol into mainstream agriculture is the variation in efficacy that
characterizes many biological control systems. One approach to-
ward enhancing the reliability of biological control has been to
combine biological control agents into mixtures, which can pro-
vide more effective and consistent disease suppression than is at-
tained by application of individual agents (7,11,13,23,24). The
compatibility of the biological control agents is recognized as an
important factor in designing such mixtures, and monitoring the
population sizes of all microbial components in the mixture is
typically advised to assure that the biological control agents do
not antagonize one another in the formulation or, after appli-
cation, on plant surfaces. Aside from that compatibility, however,
factors influencing the success of biological control mixtures are
poorly understood. In this study, we explored a second factor for
consideration in designing mixtures of biological agents: the
capacity of one biological control agent to interfere with the
biological control activity of another. Specifically, we describe a
mechanism by which the biological control agent Pseudomonas
fluorescens AS506 interferes with the inhibition of Erwinia amylo-
vora, the fire blight pathogen, by a second biological control
agent, Pantoea agglomerans.
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Fire blight is a major disease of pear and apple that was once
controlled by application of commercial antibiotics. The emer-
gence of streptomycin-resistant strains of E. amylovora (22) made
it necessary to develop alternate methods for managing the dis-
ease. One such approach is biological control achieved by appli-
cation of nonpathogenic bacterial antagonists of E. amylovora to
blossoms, the primary site of infection by the fire blight pathogen
(33). Pseudomonas fluorescens strain A506, a commercially
available biological control agent for fire blight, suppresses the
growth of E. amylovora on stigmatic surfaces of blossoms
through preemptive exclusion (38). Preemptive exclusion is a
process whereby the biological control agent suppresses growth
of the pathogen by prior colonization of physical sites and utiliza-
tion of limited resources required by the pathogen (38). The epi-
phytic bacteria Pantoea agglomerans (syn. Erwinia herbicola)
strains Eh252 and C9-1 also are used experimentally to suppress
populations of E. amylovora on blossom surfaces and limit sever-
ity of fire blight disease in pear and apple orchards (14-16,34—
37,40). Each biocontrol agent suppresses fire blight by an average
of 50%, but the level of disease control varies among field trials
(15,20,21,34,35). In an effort to improve the biological control of
fire blight, combinations of A506 and strains of Pantoea ag-
glomerans have been examined for suppression of disease when
applied to blossoms as a mixture. Although strain A506 and Pan-
toea agglomerans successfully co-colonize blossoms, mixtures of
these bacteria generally have not been more effective than single
strains in controlling fire blight (14,15,33,35,36).

Many strains of Pantoea agglomerans produce one or more
compounds inhibitory to E. amylovora (12,16,37,39,41). Strain
Eh252 produces a single antibiotic, mccEh252 (35,37), and strain
C9-1 produces two distinct antibiotics, herbicolin O and herbi-



colin I (12). Pseudomonas fluorescens strain A506 is not sensitive
to any of these compounds. Because it produces only one antibi-
otic, Eh252 provides a simpler system to study the role of anti-
biotics in disease control, and orchard studies comparing the wild
type to a mutant deficient in mccEh252 production have demon-
strated the importance of this antibiotic in disease suppression
(34). MccEh252 is sensitive to pronase and proteinase K (37),
which suggests that the antibiotic may be susceptible to inactiva-
tion on plant surfaces by extracellular proteases produced by co-
inhabiting microbes such as Pseudomonas fluorescens A506.

Pseudomonas spp. typically produce extracellular proteases
(32), which function in bacterial nutrition by hydrolyzing large
proteins into readily utilizable peptides (27). Extracellular prote-
ases can also play a role in plant pathogenesis, as demonstrated
for the black rot pathogen Xanthomonas campestris pv. cam-
pestris (10) and the fire blight pathogen E. amylovora (42). In
other bacteria, such as the soft rot strains E. chrysanthemi EC16
(6) and Pseudomonas fluorescens CY091 (18), proteases are
produced but not implicated in virulence. Little is known about
additional roles for extracellular proteases in plant-microbe
interactions.

In this study, we tested the hypothesis that an extracellular
protease produced by the biocontrol strain Pseudomonas fluores-
cens A506 inactivates antibiotics produced by biocontrol strains
of Pantoea agglomerans, thereby interfering with antibiosis of the
fire blight pathogen E. amylovora by Pantoea agglomerans. The
extracellular protease produced by strain A506 was isolated and,
like A506 itself, it interfered with antibiosis of E. amylovora by
Pantoea agglomerans in culture. Mutants of A506 deficient in ex-
tracellular protease production were obtained by transposon muta-
genesis, and these mutants did not interfere with antibiosis of
E. amylovora by Pantoea agglomerans in culture. Finally, the
gene (aprX) that encodes the extracellular protease was sequenced
and the protease was characterized. The findings of this study pro-
vide evidence for a new role for the extracellular protease of
Pseudomonas fluorescens in microbial interactions: as an agent
that can interfere with antibiosis of E. amylovora by strains of
Pantoea agglomerans.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial
strains and plasmids are summarized in Table 1. Cultures for
protease assays were grown in a minimal salts (MS) medium (18)
containing the following as percents (wt/vol): K,HPO, (0.7%),
KH,PO, (0.7%), MgSO, - 7TH,0 (0.02%), (NH,4),SO, (0.1%), and
glycerol (0.4%), or in P2 broth (42). Calcium chloride was added
to the media as indicated. Luria-Bertani medium (2) was used
routinely for culturing strains of Escherichia coli. All other bac-
teria were grown on King’s medium B (17). When necessary,
antibiotics were added to media at the following final concen-
trations: tetracycline, 50 pg/ml on solid media and 20 pg/ml in
broth, and kanamycin, 50 ug/ml. E. coli strains were cultured at
37°C, and all other bacterial cultures were incubated at 27 or
20°C. Liquid cultures were aerated on a rotary shaker at 200 rpm.

Overlay assays. Modification of an overlay assay was used to
evaluate the influence of protease on antibiosis of E. amylovora
by Pantoea agglomerans. A small volume (10 pl) of a cell suspen-
sion of Eh252, C9-1, or CIE85 (an E. coli construct that produces
herbicolin O of C9-1) adjusted to an optical density at 600 nm
(ODggonm) of =0.3 was placed in the center of a petri dish contain-
ing MOPS gluconate asparagine (MGA) medium (12) and incu-
bated for 24 h; bacterial cells were removed with cotton swabs
and remaining cells were killed by exposure to germicidal UV
(two 10-min treatments separated by at least 20 min). Pathogen
sensitivity to compounds secreted into the medium was deter-
mined by overlaying the agar surface with a suspension of log
phase cells of E. amylovora strain Eal53 in soft (0.4% agar)

MGA medium amended with 0.1 mM thiamine and 0.1 mM nico-
tinic acid. Log phase cells were obtained from an MGA broth cul-
ture of E. amylovora with ODgy,m of =0.3; 30 pl was used per
4-ml overlay. Once the overlay agar solidified, a sterile cork borer
was used to cut 40-pl wells through both layers of agar. A 40-ul
portion of A506 protease, recovered from a Macrosep column
(described below), or 40 ul of proteinase K (0.2 mg/ml) (Sigma
Chemical, St. Louis) was added to a well. Water, protease samples
inactivated by 20 min of boiling, and 10 pl of 1 mM D,L-histidine,
which inhibits antibiosis by mccEh252 and herbicolin O (12,37),
served as controls.

Pseudomonas fluorescens strain AS06 or the protease-deficient
derivative M1 were tested for their influence on antibiosis of
E. amylovora by Pantoea agglomerans Eh252 in a modification
of the overlay assay described previously. A small volume (15 pl)
of overnight King’s medium B broth cultures of Eh252, M1, and
A506 were spotted or streaked on a petri dish containing glucose-
asparagine (GA) medium (37) or MGA medium solidified with
nobel agar (Difco Laboratories, Detroit, MI) (12) and incubated at
27°C for 48 h. The resulting colonies were killed by exposure to
chloroform vapors, and the pathogen Eal53 was applied as an
overlay as described previously. After incubation at 27°C for 48 to
96 h, patterns of inhibition and growth of E. amylovora were re-
corded.

Mutagenesis and Southern analysis. Mutants of A506 resis-
tant to kanamycin were generated by standard methods (30) for
conjugal transfer of the pUT mini-Tn5 Km transposon (9) from
strain JL1931 and screened on litmus milk agar (Difco Laborato-
ries) for loss of extracellular protease activity. Genomic DNA of
mutants exhibiting decreased proteolysis was extracted by stan-
dard CTAB methods and used for Southern blot analysis with the
2.3-kb EcoRI fragment of pUT mini-Tn5 Km as the probe. South-
ern blot analysis (2,30) was used to determine the number of
transposon insertions in selected mutants and to identify enzymes
suitable for inverse polymerase chain reaction (PCR). Growth
rates of an extracellular protease-deficient transposon mutant of
A506 and the wild-type strain A506 were measured as an increase
in ODggony, in triplicate samples of 5 ml of King’s medium B broth
and MGA broth at 27°C at 200 rpm inoculated with 1 x
10° CFU/ml. Similarly, growth of A506 or the protease-deficient
mutant in combination with Pantoea agglomerans C9-1 was
evaluated in King’s medium B broth and MGA broth. Triplicate
cultures were inoculated with 5 x 10° CFU of each strain per ml,
and periodically, dilutions of 100-ul samples of broth cultures

TABLE 1. Bacterial strains

Source or
Strain Relevant properties* reference
Pseudomonas fluorescens
A506 Biological control strain, isolated
from pear in California, RifR 19
Ml aprX::miniTn5 derivative of A506, KmR This study
M13 gacS::miniTn5 derivative of A506, KmR This study
Mi4 gacS::miniTn3 derivative of A506, KmR  This study
Escherichia coli
JL1931 S17-1 Apir containing pUT miniTn5
Km, KmR, AmpR 9
CIES85 DH5o containing pLAFR3 with the
herbicolin O biosynthetic region, TcR 8
Pantoea agglomerans
Eh252 Biological control strain, isolated
from apple in New York 37
C9-1 Biological control strain, isolated
from apple in Michigan 12
Erwinia amylovora
Eal53 Fire blight pathogen, isolated from
apple in Oregon 15

Z Abbreviations: RifR, rifampicin resistant; KmR, kanamycin resistant; AmpR,
ampicillin resistant; and TcR, tetracycline resistant.
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were spread on the surface of solidified King’s medium B. Colonies
of Pseudomonas fluorescens A506 and Pantoea agglomerans C9-
1 were distinguished by pigmentation and morphology. Growth
rate experiments were repeated.

PCR and sequence analysis. Genomic DNA from each mutant
was digested with Ncol, extracted with phenol/chloroform, etha-
nol precipitated, and brought to a final concentration of 10 ng/ul
prior to self-ligation with T4 DNA ligase. Self-ligated, circular
DNA containing portions of mini-Tn5 Km were amplified by
PCR. The PCR primers were obtained from Macromolecular Re-
sources (Fort Collins, CO) or Integrated DNA Technologies
(Coralville, TA). The primer mTn5ends (5'-CGGTTTACAAG-
CATAAAGCTTGC-3"), complementary to bases 62-84 and
identical to bases 2252-2274 of mini-Tn5 Km (GenBank acces-
sion no. U32991) was used to amplify both circular DNAs. The
second primer in each reaction was either mTn5NcoF (5'-GA-
GAGGCTATTCGGCTATGACTGG-3'), identical to bases 905-
928 of mini-Tn5 Km, or mTn5NcoR (5'-AACGCTATGTCCTGA-
TAGCGGTCC-3'"), complementary to bases 1501-1521. Ampli-
fication using Elongase (Invitrogen, Carlsbad, CA) was accom-
plished according to manufacturers recommendations and under
the following reaction conditions: 3 min at 94°C; 35 cycles of
1 min at 94°C, 1 min at 55°C, and 5 min at 68°C; and 10 min at
68°C. The PCR products were sequenced at the Center for Gene
Research and Biotechnology, Oregon State University. BLAST
searches of GenBank (1) using the resulting sequences were used
to identify the gene disrupted by mini-Tn5 Km in each mutant.
Additional protease gene sequence was obtained using the
primers aprXf5 (sense, 5'-AAATAGTGGTGTGCGCCGATTCG-
3") with aprXr3 (antisense, 5'-CATACCGAGAACACCAGCTTG-
TCG-3') and aprXf3 (sense, 5'-CAGTTCCAATGCCGACAA-
GCTGG-3') with aprXr2 (antisense, 5'-GCTCCTGCCGACACG-
AACAACAC-3"). Tag polymerase was used according to supplier
recommendations (Invitrogen, Carlsbad, CA) and the following
conditions were used for amplification: 2 min at 94°C; 35 cycles
of 45 s at 94°C, 1 min at 55°C, and 3 min at 72°C; and 10 min at
72°C. Vector NTI software (version 8; InforMax, North Bethesda,
MD) was used for sequence analyses and the MEROPS database
(28) was used for classification.

Protease production and purification. Cell-free filtrate
(0.2 um) from a 500-ml, 2-day culture of A506 grown with agi-
tation at 20°C in MS supplemented with 0.2 mM CaCl, was
lyophilized and resuspended in 10 ml of water. Protease activity
of the supernatant was determined using hide powder azure
(Sigma Chemical) as a substrate (18). In preliminary studies,
freezing and thawing did not alter activity of the protease, so
supernatants often were stored at —20°C and then analyzed at one
time to reduce variability in assay conditions. After centrifugation
to remove solids (5 min, 2,500 x g), the supernatant was applied
to a gel filtration column (1.75 by 14 cm) packed with Sephadex
G-50-80 (Sigma Chemical). The column was pre-equilibrated
with 50 mM Tris-HC1 (pH 8.0), which was used for elution.
Protease activities of 1-ml fractions were measured using hide
powder azure. Purity was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) as described
below. The other method of protease preparation was filtration
with an Omega Macrosep 10K centrifugal unit (VWR, Brisbane,
CA). Culture filtrate was reduced to 1/25 volume by centrifu-
gation in a swinging bucket rotor at 4,000 x g for 120 min.

Protease electrophoresis. Supernatants from broth cultures
were evaluated in polyacrylamide gels for detection and size
determination of extracellular proteases. Samples were applied to
a Zymogram (Bio-Rad Laboratories, Hercules, CA), a 10% poly-
acrylamide gel containing 1% gelatin as a protease substrate. The
zymogram was renatured to remove SDS, incubated in a calcium-
containing buffer to allow enzyme proteolysis, and stained with
Coomassie blue R according to the recommendation of Bio-Rad
Laboratories. After destaining, clear regions were visible in areas
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where the gelatin had been degraded by an active protease. Stan-
dard 12% Tris-HC1 SDS-PAGE gels stained with silver for detec-
tion (2) were used to verify purity of protease preparations.

Characterization of enzyme activity. Optimal pH for protease
activity was determined in 50 mM solutions of the following buft-
ers, each containing 1 mM CaCl,: citric acid/sodium citrate (pH
3.0, 5.0, and 6.0), acetic acid/sodium acetate (pH 4.0 and 5.0),
Tris-HCI (pH 7.0, 8.0, and 9.0), and glycine (pH 10.0 and 11.0).
Approximately 3 units (20 ul of partially purified sample) of en-
zyme were preincubated in the buffer solution for 30 min prior to
the hide powder azure assay (18). Controls in which the enzyme
was replaced with water were evaluated at each pH value to cor-
rect for nonenzymatic proteolysis. Inhibition by EDTA, EGTA,
1,10-phenanthroline, and excess calcium was determined by a
similar method: partially purified enzyme was preincubated with
the inhibitor in modified assay buffer (50 mM Tris-HCI [pH 8.0],
no CaCl,) for 30 min before the hide powder azure assay. A
parallel assay in which the inhibitor was replaced with the appro-
priate solvent served as the control. All experiments were re-
peated and contained at least two replicates.

Comparison of proteases of biocontrol strains and E. amylo-
vora. Relative protease activity of the pathogen and biological
control strains was determined in 48-h cultures of P2 broth, the
medium used for characterization of the extracellular protease of
E. amylovora (42). Protease activity of the supernatant was deter-
mined with the hide powder azure assay. Supernatants of each of
the strains also were examined with a zymogram. All experiments
were repeated and contained at least two replicates.

Data analysis. The percent inhibition data were arcsine square
root-transformed before mean separation by Fisher’s protected
least significant difference test at P = 0.05 using the analysis of
variance procedure of Statistical Analysis Systems (SAS Institute,
Cary, NC).

Nucleotide sequence accession number. Sequence of the aprX
gene of Pseudomonas fluorescens A506 is deposited in the Gen-
Bank database under accession no. AY298902.

RESULTS

Inactivation of antibiotics produced by Pantoea agglomer-
ans strains Eh252 and C9-1 by the extracellular protease of
Pseudomonas fluorescens strain A506. Pantoea agglomerans
strains C9-1 and Eh252 produce zones of inhibition against
E. amylovora on MGA and GA media that are attributed to their
production of antibiotics (12,37). Extracellular protease partially
purified and concentrated from culture supernatant of A506 al-
lowed growth of E. amylovora within the zones of inhibition that
surrounded colonies of Pantoea agglomerans Eh252 (which
produces mccEh252) or an E. coli strain that produces herbicolin
O by heterologous expression of biosynthesis genes cloned from
C9-1 (Fig. 1). Commercially prepared proteinase K and histidine,
an inhibitor of mccEh252 and herbicolin O, also allowed growth
of E. amylovora within the zones of inhibition. Boiled, inactive
preparations of proteinase K or the extracellular protease of A506
did not allow pathogen growth within the inhibition zones of
mccEh252 and herbicolin O (data not shown). These results indi-
cate that proteolysis of mccEh252 and herbicolin O by proteinase
K and by the extracellular protease of A506 renders these anti-
biotics ineffective in inhibiting growth of E. amylovora. Similar
results were obtained when C9-1 was the antibiotic-producing
strain in the assay, but the area of protease-facilitated pathogen
growth was less distinct near the center of the inhibition zone,
where a second, protease-insensitive antibiotic called herbicolin I
was present (data not shown).

Derivation of extracellular protease mutants of Pseudomo-
nas fluorescens strain A506. Like the proteases described previ-
ously, Pseudomonas fluorescens A506 also interfered with anti-
biosis of E. amylovora by Eh252 on MGA medium and GA



medium (Fig. 2). To determine if the extracellular protease pro-
duced by A506 was responsible for this inactivation, we derived
and characterized mutants of A5S06 that lack extracellular protease
production.

Of approximately 4,000 transposon mutants of A506 that were
screened for extracellular protease production on litmus milk
agar, three mutants (M1, M13, and M14) carried single trans-
poson insertions, had altered protease activity, and were charac-
terized further. After several days of growth on litmus milk agar,
M13 and M14 exhibited very weak proteolysis, whereas M1 ex-
hibited no detectable protease activity.

Sequence of the PCR products amplified from DNA flanking
the insertion sites indicated that both M13 and M14 have a trans-
poson insertion in gacS, a known regulator of extracellular prote-
ase production in Pseudomonas spp. (5). The transposon inser-
tions in M13 and M14 are located within the same 15 base pair
region, which aligns with nucleotides 330-345 of gacS of Pseudo-
monas synthaxa (GenBank accession no. AY027925), but the in-
sertions are in opposite orientation to one another. The sequences
of DNA immediately upstream of both insertions had 86% identi-
ties to gacS of Pseudomonas synthaxa over the 263- or 266-bp
portions amplified. The downstream portions are 89% identical
over 177 or 181 bp. These pleiotropic mutants were not further
characterized.

Sequence analysis of an inverse PCR product indicated that M1
has a transposon insertion between nucleotides 1130 and 1140 of
the structural protease gene aprX. The nucleotide sequences of
the 1.4-kb aprX genes from CY091 (GenBank accession no.
AF004848) and A506 are 89% identical. The predicted product of
aprX is a protein with a molecular weight of 49.5 kDa and be-
longs to the subfamily M10B of the MA(M) peptidase clan,
which is characterized by a zinc-binding HEXXHXXGXXH
motif and a conserved tyrosine residue in the active site. The pre-
dicted amino acid sequence of AprX also contains four Ca?*-
binding motifs (GGXGXD), which are also present in AprX from
Pseudomonas fluorescens CY091 and serralysin, the MEROPS
protease subfamily M10B-type example from Serratia marcescens
(Fig. 3). Ion binding at these sites has been confirmed in the
crystal structure of serralysin (4).

An aprX mutant of Pseudomonas fluorescens strain A506
does not interfere with antibiosis of E. amylovora by biocon-
trol strains of Pantoea agglomerans. The aprX mutant M1 was
compared with the wild-type strain A506 in plate assays to deter-
mine if AprX is responsible for the capacity of A506 to inactivate
antibiotics produced by biocontrol strains of Pantoea agglomer-
ans. The zone of inhibition surrounding strain Eh252 was visible
on the agar surface surrounding the aprX mutant M1 (Fig. 2),

indicating that the aprX mutant did not inactivate mccEh252. By
comparing A506 and M1, the capacity to interfere with antibiosis
was attributed to the extracellular protease, which was produced
by A506 but not by the aprX mutant M1. Colonies of A506 and
M1 grew immediately adjacent to Eh252 and C9-1 (data not
shown), indicating that AprX was not required for antibiotic resis-
tance of A506. When grown in King’s medium B broth or MGA
broth, either alone or in combination with Pantoea agglomerans
C9-1, the growth rates of A506 and M1 were indistinguishable
(data not shown).

Altered extracellular protease production by the aprX and
gacS mutants of Pseudomonas fluorescens strain A506. The ap-
proximate 50-kDa protein present in supernatants of A506 cul-
tures was not detected in cultures of the aprX mutant when
evaluated by SDS-PAGE with silver staining or in a zymogram
(data not shown). These data confirm that the aprX mutants,
which were selected for lack of protease production on litmus
milk agar, are deficient in extracellular protease production. When
5-day-old culture supernatant from the gacS mutants was electro-
phoresed in the denaturing SDS zymogram gel, a faint proteolytic
band that migrates at a slightly larger apparent molecular weight
than AprX was observed (data not shown). This indicates that the
protease responsible for the slight proteolysis exhibited on litmus
milk agar by the gacS mutants M13 and M14 differs from AprX
of A506, but the nature of the protease was not investigated
further. The absence of this band in cultures of the aprX mutant
suggests that its presence is related to the gacS phenotype.

Biochemical characterization of the extracellular protease
produced by Pseudomonas fluorescens strain A506. In super-
natants of A506 cultures grown for 48 h in the chemically defined
MS medium, the extracellular protease was the only band de-
tected by SDS-PAGE with silver staining and had a molecular
weight of approximately 50 kDa (data not shown). Apparently,
AprX was the predominant protein secreted by A506 under these
culture conditions. Gel filtration of lyophilized culture filtrate pro-
vided an extracellular protease preparation of sufficient purity for
biochemical assays. Activity was concentrated 25-fold by gel fil-
tration. Zymogram analysis indicated the presence of a single
protease in the concentrated samples. Samples of the concentrated
protease preparation electrophoresed to a single band in silver-
stained SDS gels; no other proteins were detected. The protease
of A506 had optimal activity in moderately alkaline conditions,
with less than 50% activity retained below pH 6 or above pH 10
(Fig. 4). Of the three metal-chelators tested as protease inhibitors
(Table 2), zinc-binding 1,10-phenathroline had the highest inhibi-
tory activity. Inhibition by 1,10-phenanthroline provided evidence
that zinc is utilized in the active site (25). Calcium-specific EGTA

E. amylovora
water AS506 protease

antibiotic
producing strain

histidine proteinase K

Fig. 1. Interference of antibiosis by histidine or protease. A, Pantoea agglomerans En252 or B, Escherichia coli strain CIE85, which produces herbicolin O, was
spotted onto the middle of an MOPS gluconate asparagine agar plate and grown for 24 h, when cells were removed and the plate was UV-sterilized. Clockwise
from top left: water, 40 ul of concentrated A506 protease, 40 pl of 0.2 mg/ml proteinase K, or 10 ul of 1 mM D,L-histidine was added to wells formed through the
base agar and overlay, as shown in the schematic C. An overlay of the pathogen Erwinia amylovora was used to indicate regions containing active antibiotic.
Opaque areas visible after 4 days indicate regions where the pathogen grew. Dark gray areas are where the pathogen was inhibited.
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caused some loss of protease activity, but EDTA, which chelates
both calcium and zinc, caused a greater reduction. Addition of
1 mM CaCl, had no measurable effect on protease activity, but
10 mM CaCl, reduced the activity of extracellular protease. The
reduction of A506 protease activity at high Ca®* concentration has
been observed previously for another metalloprotease (31).
Therefore, the extracellular protease produced by A506 has the
characteristics of alkaline metalloproteases produced by other
strains of Pseudomonas fluorescens and other Pseudomonas spp.
(3,18,27,29).

Pseudomonas fluorescens strain A506 produced more prote-
ase than E. amylovora or Pantoea agglomerans. Pseudomonas
fluorescens strain A5006, Pantoea agglomerans strains Eh252 and
C9-1, and E. amylovora strain Eal53 produce extracellular prote-
ases, but the A506 protease was present in much higher concen-
trations than those produced by the other three bacterial species
under all conditions tested. In both MS (data not shown) and P2
broth culture, strain A506 produced significantly higher protease
activity than Eh252, C9-1, or E. amylovora. The latter three
strains did not produce enough activity to be detected using hide
powder azure as a substrate. In addition, the extracellular protease
of A506 formed a large clearing zone when the bacterium was
grown on litmus milk agar, whereas strains Eh252, C9-1, and
E. amylovora did not produce detectable clearing zones (data not
shown). A zymogram of P2 culture supernatants (Fig. 5) indicated
that Eh252, C9-1, and E. amylovora exhibited faint protease
activity, but this activity on the gelatin substrate was at least 25-
fold lower than for A506.

B E. amylovora

A506 Eh252 Ml

Fig. 2. Comparison of antibiotic inhibition by wild-type A506 and a protease
deficient mutant. A, Photograph of the bioassay described below, and B,
image A reproduced with labels and higher contrast. Pseudomonas fluorescens
AS506 (left), Pantoea agglomerans Eh252 (center), and M1, the extracellular
protease-deficient mutant of AS506 (right) were streaked or spotted onto
glucose-asparagine medium solidified with noble agar and grown for 96 h;
then colonies were killed by exposure to chloroform vapor. An overlay of the
pathogen Erwinia amylovora was used to indicate regions containing active
antibiotic. Opaque areas indicate regions where the pathogen grew. Dark areas
are where the pathogen was inhibited.

Zinc-binding motif

DISCUSSION

In this study, we demonstrated that the alkaline metalloprotease
produced by Pseudomonas fluorescens A506 inactivated two
antibiotics produced by strains of Pantoea agglomerans. By inac-
tivating the antibiotics, A506 interfered with in vitro inhibition of
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Fig. 4. The effect of pH on activity of partially purified extracellular protease
of Pseudomonas fluorescens A506. Protease was equilibrated in buffer for
30 min prior to assessing protease activity. Protease activity was quantified as
the increase in absorbance at 595 nm after 1 h of incubation with hide powder
azure, and values have been normalized to the highest activity. Two replicate
samples were used. Vertical bars represent the standard deviation. The experi-
ment was repeated and representative results are shown.
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TABLE 2. Effects of ion chelators and calcium on activity of the extracellular
protease from Pseudomonas fluorescens A506

InhibitorY Concentration (mM) Protease activity (%)*
None - 100 a
1,10-Phenathroline 1 15d

10 le
EGTA 1 75b

10 60 b
EDTA 1 62b

10 39¢
CaCl, 1 96 a

10 66 b

¥ Protease samples were incubated with an inhibitor of a given concentration
for 30 min prior to assessing protease activity with hide powder azure.

z Activities are an average of three experiments of two replicates each and are
expressed relative to controls incubated under identical conditions without
enzyme inhibitors. Values followed by the same letter do not differ sig-
nificantly (P = 0.05) from one another, as determined by Fisher’s protected
least significant difference test for arcsine square root-transformed values.

active site tyrosine

serralysin (202) YGRQTFTHEIGHALGLSHPGDYNAGEGNPTYNDVTYAEDTRQFSLMYYWSETHTGGDNG-G---HYARLP
CcYD9l (176) YGRQTLTHEIGHSLGLAHPGDYNAGEGAPTYNDATYGQDTRGYSLMYYWSESNTNQNFSKEGGVERAYASGP
AS506 (176) YGRQTLTHEIGHTLGLAHPGDYMNAGNGHNPTYNDATYGQDTRGYSLMYYWSESNTNQNFSKEGGVERAYASGP
serralysin (268) LLDDIAAIQHLYGANPSTRTGDTVYGFNSNTGRDFLSTTSNSQKVIFAAWDAGGNDTFDFSGYTANQRIN
CcY091 (246) LIDDIAAIQKLYGANYNTRAGDTTYGFNSNTGRDFLSATSNADKLVESVWDGGGNDTLDFSGFTONQKIN
A506 (246) LIDDIAAIQKLYGANLSTRATDTTYGFNSNTGRDFLSASSNADKLVFSVWDGGGNDTLDFSGFTONQKIN
ca?’ ca® ca® ca’'
serralysin (338) LNEKSFSDVGGLEGNVSIAAGVTIENAIGG i WGGE G!E
cYD9l (316) LNEASFSDVGGLVGNVSIAKGVTVENAFGG GG, Gi
AS506 (316) LTATSFSDVGGLVGNVSIAKGVTIENAFGGH GGHGH

Fig. 3. Alignment of predicted amino acid sequences from Serratia marcescens (serralysin, GenBank accession no. CAA39138), Pseudomonas fluorescens CY091
(GenBank accession no. AAC38255), and Pseudomonas fluorescens AS506 (this study). Conserved motifs required for zinc and calcium binding and the active site

tyrosine residue are boxed.
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the fire blight pathogen E. amylovora by the two strains. E. amy-
lovora also secretes a zinc metalloprotease, which plays a role in
the pathogen’s invasion of plant host tissue (42). In this study, we
detected extracellular protease production by E. amylovora, but at
lower activity or total quantity than was observed for strain A506.
Additional research is needed to clarify whether the difference in
antibiotic inactivation by Pseudomonas fluorescens and E. amylo-
vora is due to specificity, activity, or the level of production of
their respective extracellular proteases. The extracellular metallo-
protease produced by AS506 was not required to protect A506
from antibiosis by Pantoea agglomerans. Nevertheless, it had a
critical role in the tri-partite interactions between the two biologi-
cal control agents and the target pathogen, as an agent that inter-
fered with antibiosis of E. amylovora by strains of Pantoea
agglomerans.

Based on biochemical and genetic characterization, AprX was
identified as an alkaline metalloprotease that requires zinc and
calcium for optimal activity. Protease activity exhibited by AprX
of A506 was maximized in alkaline buffers with pH values of 8 to
10, but there was substantial residual activity under slightly acidic
conditions. The pH and chemical composition of the stigmatic
surface of apple or pear blossoms is unknown and probably vary
as blossoms age in exposed environments, but the range over
which the protease of A506 is active suggests it will be able to
cleave peptide bonds under a variety of conditions.

The structures of herbicolin O and mccEh252, produced by
Pantoea agglomerans strains C9-1 or Eh252, respectively, have
not been published, but our results demonstrating that both were
inactivated by the exoprotease of A506 indicates that each con-
tains at least one peptide bond. Previous reports indicated that
these antibiotics differed in their sensitivity to proteolysis. Vanneste
et al. (37) reported that mccEh252 is sensitive to proteolysis by
pronase and proteinase K, whereas Ishimaru et al. (12) reported
that herbicolin O is unaffected by the proteolytic enzymes pro-
nase and trypsin. Apparent discrepancies between these reports
are likely to be resolved once chemical structural data for both
antibiotics becomes available.

Antibiotics produced by biological control agents play a key
role in the suppression of many plant diseases. Thus, the stability
of antibiotics may affect the success of biological control. The
findings of this study established that herbicolin O and mccEh252
are subject to inactivation by proteases, including the extracellular
protease produced by a strain of Pseudomonas fluorescens that in-
habits plant surfaces. Strains of Pantoea agglomerans that pro-
duce antibiotics are among the most effective known agents for
the biological control of fire blight (14,16,26,33,35,39-41) and
antibiotic production is an important contributor to this biological
control (34,35,40). Nevertheless, antibiotic-producing strains fail
to suppress the disease in some orchard environments, and the
presence of microbial co-inhabitants that produce extracellular

A506

Eal53 Eh252  (C9-1

Fig. 5. Comparison of extracellular protease production by different bacterial
strains in P2 broth: 0.3 ul (for Pseudomonas fluorescens A506) or 3 ul (for
Erwinia amylovora 153, Pantoea agglomerans Eh252, and Pantoea agglomer-
ans C9-1) of 48-h culture supernatant was electrophoresed in a polyacryla-
mide gel containing gelatin. Light areas indicate protease capable of de-
grading the gelatin substrate.

proteases on plant surfaces could be one factor impeding the suc-
cess of biological control in some settings. Extracellular protease
production is common among Pseudomonas spp. and other
microorganisms that inhabit the plant surfaces (5,6,10,18,29,42).
The finding that strain A506 inactivates antibiotics produced by
Pantoea agglomerans also provides insight into ways to improve
mixtures of the two biological control organisms for suppression
of fire blight in the field. Ongoing field experiments evaluating an
aprX mutant of A506 for biological control of fire blight alone
and in combination with Pantoea agglomerans should provide
further insight into the importance of the extracellular protease in
microbial interactions on plant surfaces.
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